The hypoxia-inducible factor 1 (HIF-1) plays a critical role for tumour adaptation to microenvironmental hypoxia, and represents an appealing chemotherapeutic target. Silibinin is a nontoxic flavonoid reported to exhibit anticancer properties. However, the mechanisms by which silibinin inhibits tumour growth are not fully understood. In this study, silibinin was found to inhibit hypoxiainduced HIF-1a accumulation and HIF-1 transcriptional activity in human cervical (HeLa) and hepatoma (Hep3B) cells. Neither HIF-1a protein degradation rate nor HIF-1a steady-state mRNA level was affected by silibinin. Rather, we found that suppression of HIF-1a accumulation by silibinin correlated with strong dephosphorylation of mammalian target of rapamycin (mTOR) and its effectors ribosomal protein S6 kinase (p70S6K) and eukaryotic initiation factor 4E-binding protein-1 (4E-BP1), a pathway known to regulate HIF-1a expression at the translational level. Silibinin also activated Akt, a mechanistic feature exhibited by established mTOR inhibitors in many tumour cells. Moreover, silibinin reduced hypoxia-induced vascular endothelial growth factor (VEGF) release by HeLa and Hep3B cells, and this effect was potentiated by the PI3K/Akt inhibitor LY294002. Finally, silibinin was found to be a potent inhibitor of cell proliferation. These results show that silibinin is an effective inhibitor of HIF-1 and provide new perspectives into the mechanism of its anticancer activity.
Introduction
Hypoxia is a common feature of most solid tumours (Brown and Giaccia, 1998) . As tumour cells proliferate, the oxygen and nutrient demand increases to the point at which the diffusion of oxygen from the blood vessels becomes limiting, resulting in the development of hypoxia. Cancer cells adapt to this hypoxic environment through the activation of a number of cellular pathways that stimulate glycolysis, proliferation, the upregulation of survival factors and angiogenesis, providing the tumour with adequate energy and blood supply to allow for continued growth (Brown and Giaccia, 1998; Hockel and Vaupel, 2001) .
As the master regulator of the hypoxic transcriptional response, the hypoxia-inducible factor 1 (HIF-1) plays a central role in tumour growth and angiogenesis (Semenza, 2002) . HIF-1 is a heterodimeric transcription factor consisting of subunits HIF-1a and HIF-1b . HIF-1b is constitutively expressed and its levels are unaffected by changes in cellular pO 2 . In contrast, HIF-1a is tightly regulated by O 2 tension and accumulates very rapidly in cells exposed to hypoxia Jiang et al., 1996) . Under nonhypoxic conditions, HIF-1a is rapidly degraded by the ubiquitin-proteasome system after the hydroxylation of proline residues 402 and 564 by a family of O 2 -dependent prolyl 4-hydroxylases, and subsequent binding of von Hippel-Lindau protein (Schofield and Ratcliffe, 2004) . Under hypoxic conditions, prolyl hydroxylation of HIF-1a is impaired, leading to decreased von Hippel-Lindau protein ubiquitination and increased HIF-1a stability (Schofield and Ratcliffe, 2004) . Although the inhibition of prolyl hydroxylases in hypoxia is the primary mechanism of HIF-1a accumulation, HIF-1a expression also depends on its rate of de novo synthesis. An increasing body of evidence indicates that some growth factors, cytokines and the induction of certain oncogenes can stimulate HIF-1a protein synthesis through the activation of the phosphatidylinositol-3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway (Zhong et al., 2000; Laughner et al., 2001; Hudson et al., 2002; Xu et al., 2005) . Indeed, recent data indicate that mTOR signalling is necessary for HIF-1a expression irrespective of oxygenation conditions (Thomas et al., 2006) .
Silibinin, a polyphenolic flavonoid isolated from milk thistle (Silybum marianum), is used clinically to treat certain liver diseases (Saller et al., 2001) , and its consumption is safe and nontoxic, even at high doses, in animals and humans (Wellington and Jarvis, 2001) . Several studies have shown strong anticancer and chemopreventive efficacy of silibinin in diverse human cancer models (Zi et al., 1998; Bhatia et al., 1999; Zi and Agarwal, 1999; Varghese et al., 2005; Singh et al., 2008) . Silibinin has been shown to potently suppress the proliferation of tumour (Zi et al., 1998; Bhatia et al., 1999; Zi and Agarwal, 1999; Varghese et al., 2005; Singh et al., 2008) and endothelial cells , and has exhibited promising anti-angiogenic properties in a variety of model systems (Singh et al., , 2008 Gu et al., 2007) . However, the rather pleiotropic effects of silibinin have hindered the elucidation of the mechanism of its antineoplastic activity. In this study, we have used cervical (HeLa) and hepatoma (Hep3B) human cancer cells to investigate the ability of silibinin to inhibit tumour growth by targeting HIF-1 activity.
Results

Silibinin inhibits HIF-1a accumulation in Hep3B and HeLa cells
To investigate whether silibinin could affect the activity of HIF-1, we first performed time course experiments to examine HIF-1a and HIF-1b protein expressions under hypoxic conditions in the absence and presence of silibinin. As expected, hypoxia induced a robust accumulation of HIF-1a protein in both HeLa and Hep3B cells, which was detectable after 1 h. The addition of silibinin to the culture medium completely inhibited HIF-1a accumulation in both cell types (Figure 1a) , and the inhibition persisted as long as the drug was present (at least up to 16 h, data not shown). In contrast, silibinin did not modify steady-state levels of HIF-1b protein (Figure 1a) . Dose-response experiments showed that silibinin decreased hypoxia-induced HIF-1a protein expression in a dose-dependent manner (Figure 1b) , with comparable potency in both HeLa and Hep3B cells (IC 50 B150 mM). HIF-1a accumulation induced by the prolyl hydroxylase inhibitor dimethyloxallylglycine (DMOG), a well-characterized hypoxia mimetic (Wright et al., 2003) , could also be abrogated with silibinin ( Figure 1b) . Consistent with the inhibition of HIF-1a accumulation, silibinin also mediated dose-dependent inhibition of HIF-1 transcriptional activity in hypoxiaor DMOG-treated cells, as determined using a hypoxiaresponsive reporter construct (Figure 1c ).
In addition, the cells were subjected to the increments of hypoxia (6-0.1% O 2 ) in the presence or absence of silibinin. As shown in Figure 1d , silibinin prevented HIF-1a accumulation at all O 2 concentrations tested, showing its capacity to inhibit HIF-1a at any extent of cellular hypoxia.
Silibinin does not affect prolyl hydroxylase-driven HIF-1a degradation HIF-1a is degraded mainly through the ubiquitin/ proteasome pathway after the hydroxylation of prolines 402 and 564 by specific HIF prolyl hydroxylases (Schofield and Ratcliffe, 2004) . To address the possibility that silibinin inhibited HIF-1a accumulation by promoting degradation and/or reducing its protein halflife, we first examined the effect of silibinin on the stability of the double-proline mutant of HIF-1a (P402A/P564A-HIF-1a), which cannot be hydroxylated by prolyl hydroxylases and accumulates in cells in an O 2 -independent manner (Masson et al., 2001) . To avoid interference from endogenous HIF-1a, we expressed P402A/P564A-HIF-1a or wild-type HIF-1a constructs in HIF-1a-deficient chinese hamster ovary (CHO) Ka13 cells (Wood et al., 1998) . Silibinin was equally potent to prevent the accumulation of wild-type HIF-1a and of P402A/P564A-HIF-1a (Figure 2a) , ruling out the possibility that prolyl hydroxylation was involved in silibinin's effect. Similar results were obtained in HeLa cells (data not shown).
In addition, we measured steady-state levels of HIF-1a after reoxygenation. To this end, cells were exposed to hypoxia for a given time, and silibinin or vehicle was added during the last 15 min of hypoxia. At the end of the hypoxic treatment (time 0), cells were exposed to normoxia for increasing periods up to 30 min, and HIF1a protein was monitored by western blotting. Under these conditions, HIF-1a protein levels predominantly reflect the rate of HIF-1a degradation. As shown in Figure 2b , the degradation of HIF-1a was slightly faster in silibinin-treated than in control cells, with half-life values of 10.5±1.0 and 13.5±1.2 min, respectively, this difference most likely due to the somewhat reduced HIF-1a accumulation in silibinin-treated cells. Collectively, these results indicate that the potent inhibitory effect of silibinin on HIF-1a accumulation is not accounted for by an increase in protein degradation.
Silibinin does not affect HIF-1a mRNA accumulation but decreases HIF-1a protein synthesis We next addressed the possibility that silibinin may be acting on HIF-1a production. The reverse transcriptase PCR analysis revealed that HIF-1a mRNA levels remained unchanged by treatment with silibinin both in normoxia and hypoxia (Figure 2c ), indicating that silibinin does not affect the accumulation of HIF-1a mRNA. Later, to examine whether silibinin-mediated inhibition of HIF-1a accumulation was due to reduced HIF-1a protein synthesis, we utilized MG132, a potent and specific proteasome inhibitor, to prevent ubiquitindependent HIF-1a degradation. Treatment of cells with MG132 resulted in a pronounced accumulation of highmolecular-weight ubiquitinated-HIF-1a protein species, both in normoxia and hypoxia (Figure 2d , top panel, lanes 2 and 6). In contrast, the inhibition of protein synthesis with cycloheximide almost completely prevented the accumulation of ubiquitinated HIF-1a in the presence of MG132 (lanes 3 and 7) . Similarly, the addition of silibinin in the presence of MG132 resulted in a substantial reduction of ubiquitinated HIF-1a in normoxia and hypoxia (lanes 4 and 8). Moreover, silibinin produced a rapid decrease in HIF-1a under hypoxia, which was very similar in the absence or presence of MG132 (Supplementary Figure S1 ), all these results suggesting interference with the protein synthesis process. Thus, to analyse the rate of HIF-1a synthesis, HeLa cells were pretreated for 30 min with silibinin or vehicle and then pulse-labelled with [ 35 S]Met for up to Figure 1 Silibinin inhibits hypoxia-induced hypoxia-inducible factor 1a (HIF-1a) protein accumulation and HIF-1 transcriptional activation. (a) HeLa and Hep3B tumour cells were exposed to hypoxic conditions (2% O 2 ) for the indicated times in the absence (DMSO as vehicle) or presence of silibinin (Sili, 500 mM). HIF-1a, HIF-1b and actin protein levels were detected by western blot of whole cell extracts as described in Materials and methods. (b) Hep3B cells were treated for 4 h in normoxia (21% O 2 , lane 1), hypoxia (2% O 2 ) or with the hypoxia-mimetic agent dimethyloxallylglycine (DMOG) (1 mM) in the presence of silibinin at the indicated concentrations or vehicle (0). Proteins were detected by western blot analysis. (c) HeLa cells were transiently transfected with the reporter plasmid p9HIF1-Luc and then incubated for 8 h as described in panel b. HIF-1 transcriptional activity was assayed by measuring hypoxia-response element-dependent reporter gene expression as described in Materials and methods. Experiments were carried out in duplicate and results shown are representative of three independent assays. Bars represent mean ± s.e. *Po0.05, **Po0.01 and ***Po0.001, compared with their respective controls without silibinin. (d) HeLa cells were exposed to the indicated hypoxia level ([O 2 ], 6, 3, 1 and 0.1%) for 4 h in the absence or presence of silibinin (Sili, 500 mM). HIF-1a and actin were detected by western blotting as in panel a.
Silibinin inhibits mTOR and HIF-1a P García-Maceira and J Mateo 60 min under hypoxia, followed by immunoprecipitation of HIF-1a. As shown in Figure 2d (bottom panel), silibinin treatment greatly decreased 35 S-labelled HIF-1a accumulation at all times tested. These results indicated that silibinin decreases the HIF-1a translation rate.
Inhibition of HIF-1a by silibinin correlates with the repression of the mTOR/p70S6 kinase/4E-BP1 pathway The PI3K/Akt/mTOR pathway is implicated in the regulation of HIF-1a expression at the translational level (Zhong et al., 2000; Laughner et al., 2001; Hudson et al., 2002; Thomas et al., 2006) . To address the potential involvement of this pathway in silibininmediated inhibition of HIF-1a accumulation, we measured the phosphorylation status of mTOR and its effectors p70S6K and 4E-BP1, as well as that of Akt. Interestingly, treatment of HeLa and Hep3B cells with silibinin under hypoxia resulted in a dose-dependent dephosphorylation of mTOR (Ser 2448 ), which correlated with the inhibition of phosphorylation of p70S6K and 4E-BP1, and with the reduction of HIF-1a accumulation in both cell types ( Figure 3a) . Hypoxia has been shown to downregulate mTOR activity through the induction of Regulated in Development and DNA damage responses (REDD1) in a process that requires TSC1/TSC2 (tuberous sclerosis complex), an upstream mTOR regulator (Brugarolas et al., 2004) . Here, we obtained identical results under normoxia (Supplementary Figure S2a) , indicating that the effect of silibinin on mTOR is independent on a hypoxia-induced mechanism.
Figure 2 Silibinin does not affect hypoxia-inducible factor 1a (HIF-1a) protein degradation or HIF-1a mRNA expression but decreases its protein synthesis. (a) HIF-1a-deficient CHO Ka13 cells were transfected with wild-type HIF-1a, P402A/P564A-HIF-1a or empty vector as described in Materials and methods. After 24 h, cells were exposed to normoxia or hypoxia (2% O 2 ) for 4 h in the presence of the indicated concentrations of silibinin (Sili), and recombinant HIF-1a was detected by western blot analysis. (b) Cells were exposed to hypoxia (2% O 2 ) for 2 h, and silibinin (500 mM) or vehicle (control) was added 15 min before the end of the hypoxic incubation. Cells were then exposed to normoxia (reoxygenation) for the indicated periods, and HIF-1a protein levels were measured by western blot analysis. The lower panel shows densitometric quantification of HIF-1a levels, with values expressed as the percentage of the expression before reoxygenation (time 0). Values represent mean±s.e. from four independent experiments. (c) HeLa cells were cultured under normoxic (21% O 2 ) or hypoxic (2% O 2 ) conditions in the absence or presence of silibinin (500 mM) for the indicated times. Total RNA was isolated and analysed for HIF-1a mRNA expression by reverse transcriptase-PCR, using GAPDH as a control gene. (d) (Top panel) HeLa cells were incubated for 2 h under normoxic (21% O 2 ) or hypoxic conditions (2% O 2 ). Cells were then treated for additional 1 h under the same atmospheres in the presence of MG132 (20 mM), cycloheximide (CHX, 100 mM) or silibinin (500 mM) as indicated, followed by western blot analysis. (Bottom panel) HeLa cells were pre-incubated for 30 min in L-methionine-free medium in the presence or absence of silibinin (500 mM). Then, [
35 S]Met was added and the cells were pulse-labelled for the indicated times under hypoxia (2% O 2 ) with silibinin or vehicle. The cells were harvested and lysates were immunoprecipitated with an HIF-1a antibody. Immunoprecipitated proteins were electrophoresed, gel vacuum dried and autoradiographed to visualize 35 S-labelled HIF-1a. A fraction of the immunoprecipitate (IP) was also used for HIF-1a detection by western blot analysis (WB). Finally, western blotting was also performed for HIF-1b using the total cell lysates obtained before immunoprecipitation to confirm that they contained equal amounts of protein.
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It can be noted that concomitant with the suppression of HIF-1a and the mTOR/p70S6K/4E-BP1 pathway, silibinin also induced the activation of Akt, as measured by phosphorylation at Ser 473 ( Figure 3a) . Similarly, the mTOR inhibitor rapamycin induced a pronounced increase in phospho-Akt comparable with that produced by silibinin, both under normoxic and hypoxic conditions (Figure 3b ). Silibinin did not affect the total protein levels of the corresponding phosphoproteins analysed (data not shown), indicating that this effect was specific to protein phosphorylation. Interestingly, we observed a differential behaviour between both cell Proteins were detected by western blot analysis using specific antibodies described in Materials and methods.
Silibinin inhibits mTOR and HIF-1a P García-Maceira and J Mateo types regarding the effect of silibinin on Akt. Although in HeLa cells, Akt phosphorylation increased progressively with increasing silibinin concentrations, in Hep3B cells high doses of silibinin (500 mM) inhibited Akt phosphorylation (Figures 3a, c and Supplementary Figure S2a) . However, this difference had no implications for the inhibition of HIF-1a and mTOR, which remained maximal in both cell lines. It is worth noting that although silibinin-induced mTOR/p70S6K/4E-BP1 suppression was independent on the TSC1/TSC2 function, the activation of Akt was dependent on the presence of intact TSC1/TSC2, as shown by knocking down TSC2 expression with siRNA (Supplementary Figure S3) . Furthermore, the activation of p-Akt by silibinin required the activity of its upstream regulator PI3K, as the PI3K inhibitor LY294002 blocked this activation (Figure 3b , right panel, and Figure 3c ). LY294002 also enhanced the inhibitory effect of silibinin on the HIF-1a expression and mTOR pathway (reflected by the loss of phospho-p70S6K) (Figure 3c) . Together, these results show that silibinin affects both, mTOR/p70S6K/4E-BP1 and PI3K/Akt pathways.
To further investigate the dynamic changes produced by silibinin on mTOR and Akt signalling in relation to the inhibition of HIF-1a expression, we exposed the cells to hypoxia and subsequently treated them with silibinin for the final 10-60 min of hypoxic incubation. As shown in Figure 4a , silibinin induced a rapid and potent inhibition of HIF-1a accumulation, which was evident in both cell lines as early as 10 min after treatment and was complete by 60 min. Silibinin-induced dephosphorylation of mTOR and its effectors was detectable within 10 min of treatment, and resulted in total loss of phospho-p70S6K after 20-30 min (Figure 4a ). Phos- Figure 4 The effects of silibinin on the mammalian target of rapamycin (mTOR) pathway, Akt and hypoxia-inducible factor 1a (HIF-1a) accumulation under hypoxia are fast and fully reversible. (a) HeLa and Hep3B tumour cells were exposed to hypoxia (2% O 2 ) for 3 h, and silibinin (Sili, 500 mM) was added for the last 0 (not treated), 10, 20, 30 or 60 min of hypoxic incubation. Lanes 7 and 8 of each panel represent cells treated with silibinin for the last 60 min of hypoxic incubation followed by two washes of the extracellular medium to remove silibinin, and incubation for additional 30 or 60 min under hypoxia to study the reversibility of the effects. Lane 1 of each panel shows normoxic basal levels of the proteins analysed, which were detected by western blot analysis. (b) Cells treated as described in panel a (lanes 1-6) , but in the presence of rapamycin (20 nM) instead of silibinin.
Silibinin inhibits mTOR and HIF-1a P García-Maceira and J Mateo pho-Akt increased after 20 min of exposure to silibinin (500 mM) in HeLa cells, whereas it decreased below hypoxic basal levels in Hep3B cells, which is consistent with the dose-response experiments. Similarly, rapamycin produced a rapid inhibition of mTOR/p70S6K/4E-BP1 and the induction of p-Akt that was comparable with silibinin ( Figure 4b ). However, rapamycin did not modify HIF-1a levels appreciably in the same time course, with HIF-1a inhibition being apparent only after more prolonged treatments (Figure 3b, left panel) , which is consistent with earlier reports (Zhong et al., 2000; Hudson et al., 2002; Thomas et al., 2006) . Interestingly, the inhibition of HIF-1a was rapidly reversed after silibinin removal (Figure 4 , lanes 7 and 8). Likewise, silibinin washout reverted all the phosphoproteins analysed to their basal phosphorylation levels.
Again, identical results were obtained in normoxia (Supplementary Figure S2b) . Overall, these results suggest that the suppression of mTOR signalling might be involved, at least in part, in the inhibition of HIF-1a protein synthesis by silibinin.
Silibinin inhibits hypoxia-induced VEGF secretion
Given that HIF-1 is the main regulator of VEGF expression in hypoxia (Ferrara, 2004) , we next analysed the effect of silibinin on VEGF production in vitro.
Compared with normoxic conditions, exposure of HeLa and Hep3B cells to hypoxia for 12 h induced a two-to three-fold increase in VEGF secretion to the extracellular medium ( Figure 5 ). As anticipated, silibinin could inhibit hypoxia-induced VEGF release in both cell Silibinin inhibits mTOR and HIF-1a P García-Maceira and J Mateo types, that is at a concentration of 250 mM silibinin resulted in B25% inhibition in HeLa and B40% inhibition in Hep3B cells, whereas at 500 mM the inhibition reached >90% in both cell lines (Figure 5a ). No significant effects were observed at lower concentrations of 50 and 100 mM.
In a comparative analysis, we examined the effects of silibinin on the hypoxia-induced VEGF release in combination with maximal doses of the inhibitors of PI3K/Akt and mTOR pathways (Alvarez-Tejado et al., 2002) . Addition of the PI3K/Akt inhibitor LY294002 produced a similar inhibition of VEGF release (B30%) to that induced by a submaximal dose of silibinin (250 mM), whereas the mTOR inhibitor, rapamycin, produced a weak inhibition of B15% (Figure 5b) . Interestingly, combined treatment of silibinin and LY294002 produced a synergistic effect, reducing VEGF release to near normoxic control levels. In contrast, the combined treatment of silibinin and rapamycin produced no additive effect (Figure 5b) . At the maximal silibinin dose (500 mM), the inhibition of VEGF release was >90% irrespective of the presence of additional inhibitors (Figure 5b) .
Silibinin potently inhibits cell proliferation
Examination of the effect of silibinin on cell proliferation revealed a strong dose-dependent inhibition in Figure 6 Effect of silibinin on proliferation and apoptosis of HeLa and Hep3B tumour cells. (a) Cells were incubated in hypoxia (2% O 2 ) with increasing concentrations of silibinin (0, 50, 100, 250 and 500 mM) or rapamycin (0.1, 1, 10 and 100 nM) for 8 h. Viable cells were quantified fluorometrically by measuring cell metabolic capacity through the conversion of resazurin into resorufin, as described in Materials and methods. (b) Cells were incubated for 8 h as in panel a, and apoptosis was quantified by measuring caspase-3 and caspase-7 activities with a luminescent assay, using staurosporine as a positive control (Staur, 500 nM). Bars represent mean±s.e. *Po0.05, **Po0.01 and ***Po0.001, significantly different compared with the untreated controls.
HeLa and Hep3B cells (Figure 6a) . Compared with controls, the treatment of HeLa cells with silibinin for 8 h under hypoxic conditions resulted in the reduction of total cell number that amounted 10% at 100 mM, 45% at 250 mM and 75% at 500 mM. Identical treatment of Hep3B cells inhibited growth by 25% at 100 mM, 45% at 250 mM and 72% at 500 mM. Very similar results were obtained at incubation times of 4 and 6 h, and under normoxic conditions (data not shown). In contrast to silibinin, rapamycin did not affect cell proliferation in the same time course (Figure 6a) ; the effects of rapamycin were significant only after 24 h of treatment (data not shown). Silibinin exhibited a similar antiproliferative behaviour in normal epithelial cells (Supplementary Figure S4 ).
Given that inhibition of cell proliferation might be mediated by apoptosis (Varghese et al., 2005; Singh et al., 2008) , we examined the apoptosis-inducing capacity of silibinin by measuring the activation of caspases 3 and 7. We did not find a direct correlation between impaired cell growth and apoptosis: activation of apoptosis by silibinin in these experiments was evident only after 8 h of treatment, after the effect on cell proliferation (Figure 6b) . Again, identical results were obtained in hypoxia and normoxia.
Discussion
Overexpression of HIF-1a has been shown in many human cancers and their metastases, and its expression correlates with increased vascularity, resistance to chemotherapy and radiotherapy and poor prognosis (Brown and Giaccia, 1998; Zhong et al., 1999) . The socalled 'angiogenic switch' is essential for tumour growth and metastasis (Hanahan and Folkman, 1996) . Given that HIF-1-mediated VEGF expression plays a pivotal role for tumour angiogenesis (Ferrara, 2004) , factors that modulate HIF-1 activity are potential targets for anticancer therapy (Giaccia et al., 2003; Semenza, 2003) . In this study, we have shown that silibinin inhibited HIF-1 activity and VEGF production in human cervical and hepatoma cells under hypoxia. Silibinin was also found to downregulate the mTOR/p70S6K/4E-BP1 pathway, uncovering a novel mechanism for its anticancer activity.
The expression of HIF-1a is tightly regulated through both protein degradation and protein synthesis. We found that silibinin inhibited HIF-1a accumulation in HeLa and Hep3B cells, without affecting the prolyl hydroxylase-driven HIF-1a degradation. Neither did silibinin affect HIF-1a mRNA levels. Rather, silibinin was found to decrease the rate of HIF-1a protein synthesis, as shown by strong reduction of HIF-1a accumulation in metabolic labelling experiments, or despite the inhibition of proteasomal protein degradation.
Earlier studies have shown that the PI3K/Akt/mTOR pathway regulates HIF-1a protein translation through mTOR (Zhong et al., 2000; Laughner et al., 2001 ; Hudson et al., 2002; Thomas et al., 2006) . mTOR, a central serine/threonine kinase, controls protein translation by the phosphorylation of two downstream effectors, namely ribosomal protein S6 kinase (p70S6K), which activation is thought to enhance the translation of mRNAs containing 5 0 -terminal oligopyrimidine tract (TOP) sequences in their 5 0 -UTR (untranslated region), and eukaryotic initiation factor 4E-binding protein-1 (4E-BP1), which inactivation induces eIF4E (eukaryotic initiation factor 4E), promoting capdependent mRNA translation (Bjornsti and Houghton, 2004; van den Beucken et al., 2006) . Interestingly, the 5 0 -UTR of the mRNA encoding HIF-1a contains 5 0 -TOP sequences that might regulate its translation in response to mTOR activation (Laughner et al., 2001; Thomas et al., 2006) . We have shown that treatment of HeLa and Hep3B cells with silibinin suppressed the phosphorylation of mTOR and its effectors p70S6K and 4E-BP1, which paralleled with the loss of HIF-1a expression. Moreover, we observed a total correlation between the recovery of the mTOR/p70S6K/4E-BP1 pathway and the expression of HIF-1a upon silibinin removal. Therefore, given the key role of this pathway in the regulation of HIF-1a translation, our results strongly suggested that silibinin-induced suppression of mTOR/ p70S6K/4E-BP1 pathway might be involved in the inhibition of HIF-1a translation rate. Nonetheless, the fact that silibinin was more effective inhibiting HIF-1a accumulation than rapamycin (used at maximal dose) suggests the participation of an additional mechanism apart from mTOR/p70S6K/4E-BP1 repression. The identification of other potential mechanisms is currently under investigation in our laboratory.
In this study, silibinin was also found to induce the activation of the pro-survival kinase Akt. This result is consistent with recent findings describing the induction of Akt (Ser 473 ) as the result of mTOR inhibition in several human cancer cells (Sun et al., 2005; O'Reilly et al., 2006; Sarbassov et al., 2006) . It is well established that mTOR can form two multi-protein complexes that regulate different aspects of mTOR signalling (Guertin and Sabatini, 2007) . The mTOR complex 1 (mTORC1) binds to raptor (regulatory-associated protein of mTOR), and controls cellular growth and proliferation by regulating ribosomal biogenesis and protein translation through p70S6K and 4E-BP1. Importantly, in addition to promoting protein translation, p70S6K can inhibit the PI3K/Akt pathway by phosphorylating and inactivating IRS1 (insulin receptor substrate-1) (Manning, 2004) . Therefore, the inhibition of mTORC1 will activate Akt by relieving the negative feedback produced by p70S6K. The mTOR complex 2 (mTORC2) binds to rictor (rapamycin-insensitive companion of mTOR), and upregulates Akt activity by direct phosphorylation of Ser 473 (Sarbassov et al., 2005) . Strikingly, the activation of Akt by mTORC2 has been recently shown to depend on TSC1/TSC2 function (Huang et al., 2008) , a well-established mTORC1 repressor (Guertin and Sabatini, 2007) . Currently, rapamycin is recognized as a universal inhibitor of mTORC1 and a cell-type specific inhibitor of mTORC2 (Sabatini, 2006) . On the basis of these mechanisms, tumour cells in which mTOR suppression results in Akt inhibition will express rapamycin-sensitive mTORC2, whereas cells in which Akt is activated or unaffected by mTOR suppression will express rapamycin-insensitive mTORC2 (Sabatini, 2006; Sarbassov et al., 2006) . This distinction has become critical to predict whether a tumour will respond to treatment with mTOR inhibitors or not, given that Akt activation, by promoting cell survival, is considered to be a side effect (Sabatini, 2006) . In our study, silibinin-induced mTOR suppression resulted in Akt activation in HeLa cells, whereas in Hep3B resulted in Akt activation or inhibition depending on the concentration used. Recent studies have shown the ability of silibinin to inhibit (Chen et al., 2005; Lah et al., 2007; Singh et al., 2008) and also to activate (Deep et al., 2008) Akt in different cancer cells, but the involvement of mTOR was not examined. Our finding that LY294002 blocked silibinin-induced Akt activation indicates that the PI3K activity is required for this activation after mTOR inhibition, which implies that silibinin induces Akt phosphorylation as a consequence of p70S6K inhibition (that is, mTORC1 inhibition). Moreover, the fact that in TSC2 knockdown cells silibinin is unable to induce Akt phosphorylation, regardless of mTOR/ p70S6K/4E-BP1 inhibition, also suggests a role for mTORC2 in silibinin-induced Akt phosphorylation. Taken together, our results provide the first demonstration that silibinin behaves as an mTOR inhibitor, and suggest that similarly to rapamycin, silibinin may target mTORC1 (HeLa and Hep3B) and/or mTORC2 (Hep3B) depending on the cell type and treatment conditions. This possibility needs to be examined in more detail to define precisely the mechanisms underlying silibinin-mediated mTOR suppression, and thus evaluate the anticancer capacity of silibinin in different tumour models.
Silibinin has shown anti-angiogenic properties in several in vitro and in vivo tumour models (Singh et al., , 2008 Gu et al., 2007) , but the mechanisms of its anti-angiogenic action have not been fully elucidated. We report here that silibinin inhibits hypoxia-induced VEGF production in HeLa and Hep3B cells, suggesting that this is the consequence of HIF-1 inhibition. Unexpectedly, our studies revealed a lack of correlation between the profiles of HIF-1 and VEGF inhibition; although silibinin inhibited HIF-1 activity at all concentrations tested, it only decreased VEGF production at concentrations of 250 mM or above. It is known that VEGF expression is regulated by HIF-1-dependent and HIF-1-independent mechanisms (Ferrara, 2004) , and recent data have shown that the activation of the PI3K/Akt pathway can trigger VEGF expression by promoting Sp1 phosphorylation (Pore et al., 2004) . Our results suggest that the activation of Akt induced by silibinin (and also by rapamycin) can stimulate VEGF expression, compensating to some extent for its reduction due to HIF-1 inhibition. Importantly, our study shows that LY294002, by blocking Akt activation, potentiates silibinin's anti-angiogenic capability. These results provide a mechanistic basis for cancer therapy using silibinin in combination with other anti-tumoral drugs that target PI3K or Akt, similar to proposals for established mTOR inhibitors (Sun et al., 2005; Fan et al., 2006; O'Reilly et al., 2006) .
Our study also confirms the potent anti-proliferative effect of silibinin, shown by strong inhibition of HeLa and Hep3B cell growth. Diverse mechanisms have been proposed to account for the inhibition of cancer cell growth by silibinin, such as cell-cycle arrest and the induction of apoptosis (Zi et al., 1998; Bhatia et al., 1999; Zi and Agarwal, 1999; Varghese et al., 2005; Singh et al., 2008) . mTOR is well known as a regulator of cell cycle progression and cell proliferation, and its inhibition causes strong G 1 -phase cell-cycle arrest (Fingar and Blenis, 2004) . In addition, mTOR activity can regulate apoptotic death in some cellular situations (Castedo et al., 2002) . Our data here suggest that the inhibition of mTOR signalling induced by silibinin might account greatly for its anti-proliferative and pro-apoptotic effects. However, the fact that silibinin is more effective than rapamycin inhibiting cell proliferation again suggests an additional mechanism besides mTOR/ p70S6K/4E-BP1 inhibition not shared by rapamycin.
In summary, this study shows, for the first time, that silibinin inhibits the mTOR/p70S6K/4E-BP1 signalling pathway and HIF-1 activity in HeLa and Hep3B cells. Thus, we have elucidated important mechanisms of the anticancer activity of silibinin, related to cell survival and angiogenesis, which are essential for the adaptation of cancer cells to microenvironmental hypoxia and hence for tumour progression. These mechanisms may in part explain the broad spectrum of silibinin's anticancer effects, and provide a rationale for the development of silibinin as an anticancer drug alone or in combination with PI3K/Akt inhibitors.
Materials and methods
Cell culture and reagents Details describing cell culture and reagents are provided in the Supplementary information.
Cell extracts and western blotting
Cells were seeded into 60-mm culture dishes and allowed to attach for 24 h. Immediately after treatments, cells were washed with ice-cold phosphate-buffered saline and scraped in 1-ml icecold phosphate-buffered saline supplemented with protease inhibitor cocktail (Roche Diagnostics, Barcelona, Spain). Cell pellets were homogenized in 50 ml lysis buffer consisting of the CytoBuster protein extraction reagent (Novagen, Madison, WI, USA) supplemented with protease (Roche) and phosphatase (Sigma-Aldrich, Madrid, Spain) inhibitor cocktails. After incubation on ice (15 min), lysates were vortexed and centrifuged (16 000 Â g for 10 min at 4 1C), and the supernatants collected as whole cell extracts. Cell extracts (40-80 mg) were resolved by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes and western blotting carried out as described earlier (Mateo et al., 2003) . When required, the intensity of the bands was quantified with the Quantity One software (Bio-Rad, Madrid, Spain).
HIF-1a pulse labelling and immunoprecipitation Cells were plated into 10-cm dishes. After 24 h, the cells were exposed to the methionine-free Dulbecco's modified essential medium for 30 min and then pulse labelled with 250 mCi/ml of [ 35 S]L-methionine (Perkin-Elmer, Madrid, Spain) under hypoxia. Total cell lysates were prepared with RIPA buffer. Lysates (1 mg) were precleared with 20 ml of protein A/ G-Plus agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h, and thereafter subjected to immunoprecipitation using a polyclonal anti-HIF-1a antibody (Santa Cruz Biotechnology) in constant rotation at 4 1C overnight. The protein A/G-Plus agarose beads were added, rotated for 2 h at 4 1C, pelleted and washed five times with RIPA buffer. An equal volume of 2 Â sample buffer was added, and the samples were boiled and separated by SDS-polyacrylamide gel electrophoresis. The gel was vacuum-dried and autoradiographed.
Plasmids
Detailed description of plasmids construction is given in the Supplementary information.
Transient transfection and luciferase reporter assay
Transfection of CHO Ka13 cells was performed in 60-mm culture dishes using Lipofectamine 2000 (Invitrogen, Barcelona, Spain) and 1 mg of plasmid DNA (HIF-1a wild-type, P402A/P564A-HIF-1a or empty vector). Luciferase reporter assays were performed according to Alvarez-Tejado et al. (2002) . Details provided in Supplementary Information.
VEGF quantification
Human VEGF was measured with an ELISA kit (Pierce, Rockford, IL, USA). Cells were plated in six-well plates and cultured to 80-90% confluence. The medium was replaced and cultures treated as indicated. Secreted VEGF in extracellular medium (50 ml) was quantified 12 h later, according to the manufacturer's instructions. Results were normalized to the amount of protein per well.
Reverse transcription-PCR Total RNA, isolated using the RNeasy Mini kit (Qiagen, Valencia, CA, USA), was reverse transcribed with the SuperScript II reverse transcriptase (Invitrogen) using an oligo-(dT) primer according to the manufacturer's protocol. The cDNA was subjected to PCR amplification using the following forward and reverse primer sets: human HIF-1a, 5 0 -CGTT GTGAGTGGTATTATTCAGCA-3 0 and 5 0 -CAGTTTCTG TGTCGTTGCTGCC-3 0 (GenBank NM_001530); human glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5 0 -AG TGGGGTGATGCTGGTGCTG-3 0 and 5 0 -CGCCTGCTT CACCACCTTCTT-3 0 (GenBank NM_002046). PCR conditions were established in pilot experiments to ensure linear reaction rates. GAPDH was used as the internal standard. PCR products were separated on 1.5% agarose gels and visualized by ethidium bromide staining. Gels were photographed using a Gel DOC 2000 image analyzer (Bio-Rad).
Cell proliferation and apoptosis
Cell proliferation was analysed with the fluorometric Cell-Blue Cell Viability Assay (Promega, Barcelona, Spain). For apoptosis analysis, we used the luminescent Caspase-Glo 3/7 Assay (Promega), which measures caspase-3 and caspase-7 activities. Both assays were performed in 96-well plates according to the manufacturer's recommendations.
Statistical analysis
Where indicated, experimental data were analysed using the Prism GraphPad software (San Diego, CA, USA). Significant differences were determined by Student's t-test (two-tailed). P-values below 0.05 were considered significant.
